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Prior studies demonstrated contributions of the insula and dorsal anterior cingulate cortex
(dACC) for both experiencing and observing social exclusion, but it is not yet well under-
stood how the brain processes the compensation of exclusion, as is observed in prosocial
helping. Here, we tested if social brain regions, specifically the medial prefrontal cortex
(mPFC) and temporal parietal junction (TPJ) are involved when individuals show prosocial
behavior towards excluded others. For this purpose, 23 female participants played a four-
player Cyberball Game in which participants could toss balls to each other. During the
exclusion game, two players excluded one of the other players. When participants observed
exclusion by others, they showed elevated activity in the insula, consistent with prior stud-
ies. However, when they tossed the ball to the excluded player, they showed increased acti-
vation in the TPJ, consistent with the hypothesis that prosocial behavior is associated with
social reasoning. In addition, tossing to the excluded player was associated with increased
activity in the nucleus accumbens (NAcc). Given that prior studies reported that the NAcc is
involved in experiencing rewards, this may suggest a warm glow for showing prosocial com-
pensation behavior when helping excluded others.
Introduction
Prosocial behavior involves helping, sharing or comforting others without personal benefit,
and is an important component of social life. Prior studies showed that humans compensate
for others who are in need, for example by sharing distress of observed exclusion [1–3] and by
helping victims of exclusion [4]. Prior studies also documented that seeing someone in distress
causes feeling of personal distress as well [5]. Knowing you can do something to alleviate
another person’s distress can lead to acts of prosocial behavior, as already seen in very young
children [6]. Yet, prior studies have not attempted to separate the different components of
sharing social pain and compensating others, possibly because it is difficult to disentangle these
effects using behavioral measures. Neuroimaging may prove a powerful tool to dissociate
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which brain regions are sensitive to separate phases of observing social pain of others and
actively compensating social exclusion.
Several earlier neuroimaging studies have shown the link between observed distress and
experienced personal distress. These studies typically show that observing others in social pain
activates similar brain regions as when being excluded [1, 7–9]. Prior studies have made use of
a virtual ball tossing game referred to as Cyberball, in which three players participate in a com-
puterized game of ball tossing. During the first round all players participate and toss the ball to
each other. In subsequent rounds the computer controlled game ensures that one player no
longer receives the ball, thereby creating a situation of social exclusion [10]. When individuals
are excluded by others in Cyberball, they show increased neural activity in the dorsal anterior
cingulate cortex (dACC) and bilateral insula [11–12]. Furthermore, there is consistent evidence
for the role of dACC and bilateral insula in experiencing social rejection (for meta-analyses see
[13–14]). The meta-analyses also revealed other areas implicated in social rejection, such as the
left orbitofrontal cortex. However, the orbitofrontal cortex plays a more general role in human
decision making and signaling value and might therefore be considered less specific to the
experience of social rejection [15]. The observation of social exclusion has also been associated
with activity in the bilateral insula and dACC, although more so when a friend (compared to a
stranger) is being excluded [8]. Interestingly, several studies have reported that activity in the
insula is correlated with subsequent prosocial behavior [1–2] and that activity in both bilateral
insula and dACC is associated with empathy traits [2, 8].
A separate set of neuroimaging studies focused on the role of helping, or compensating for
social pain of others. When participants are given the opportunity to interact with the players
from a previously observed Cyberball game, participants tend to show more prosocial behavior
towards the excluded player than towards the excluding players [1–3]. Prior studies tested how
participants allocate points to others after playing Cyberball and being excluded. It was found
that considering how to react towards excluders was associated with more activity in the tem-
poral-parietal junction (TPJ; [16–17]), a region associated with perspective taking [18]. The
TPJ is often interpreted as a brain region which is part of a social brain network, including also
the medial PFC and superior temporal sulcus (STS), and which is activated when individuals
think about intentions of others [19–20]. In addition, it was previously found that sharing with
others results in increased activity in the ventral striatum/nucleus accumbens (NAcc), which is
thought to be a reward center of the brain [21–24]. Possibly, prosocial behavior elicits a
rewarding feeling, or a warm glow [25].
Taken together, prior studies showed that the insula and dACC are active when experienc-
ing exclusion or observing exclusion of others [8, 11] and medial PFC, TPJ and NAcc are acti-
vated when compensating others or considering the reactions towards excluders [16–17, 22],
but no study to date directly compared the neural correlates of observing exclusion and helping
in a prosocial game. The goal of this study was to test the relative role of these regions in a pro-
social Cyberball game in which participants can help excluded players. During this game, the
participants observe another player being excluded, while having the opportunity to compen-
sate for the excluding behavior by tossing the ball to the excluded player.
First, we predicted that participants would take the opportunity to compensate for observed
exclusion by acting prosocially towards an excluded person [1–4]. We expected that this behav-
ior would be related to self-reported empathy [2]. Second, we predicted that the observation of
exclusion would lead to increased activity in the bilateral insula (replicating [1, 7]) and possibly
dACC given its role in experiencing social exclusion [11]. Finally, we expected participants
would show elevated responses in mPFC, TPJ and NAcc during acts of prosocial behavior
(tossing the ball to the excluded player compared to tossing the ball to players who were not
excluded) [17, 22].
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Materials and Methods
Participants
The final sample consisted of 23 healthy female participants of 18 and 19 years old (M = 19.08,
SD = .48). One additional participant was excluded due to a technical error when collecting the
MRI data. Participants were recruited through local advertisements. All participants were
screened for MRI contra indications and psychopathology using a telephone interview before
the scanning session. This study was approved by the Commission Medical Ethics of the Lei-
den University Medical Center. Written informed consent was obtained from all participants
prior to the scan session. Participants received €30 for participation in a larger set of studies.
Experimental design
The Prosocial Cyberball game was an adapted version of the game used by Riem, Bakermans-
Kranenburg, Huffmeijer and van IJzendoorn [4]. The participant was depicted by a classical
Cyberball figure [10] at the bottom of the screen. The other three figures portraying the three
other players in the game were positioned to the left and right of the screen center, and at the
top of the screen (see Fig 1). Participants were told that they would play a computer game in
which players toss balls to each other, and were asked to imagine that they were playing the
game with other individuals. Various studies have shown that knowingly playing a game
against a computer can also lead to feelings of exclusion. For example, no differences were
found between conditions in which participants merely imagine that they are playing with oth-
ers or believe that other players are really present [26]. Therefore, we used the manipulation of
imagining playing with others. This is a powerful manipulation in research on gaming [27].
During the game, participants were instructed to toss the ball to the other players using a
button box attached to their legs. The game consisted of two blocks. The first block was a fair
situation, consisting of 120 trials. During this fair block all players received the ball an equal
number of times. The second block was an exclusion situation, consisting of 168 trials. During
this exclusion block, the player at the top of the screen (player 4) was excluded by the players
positioned on the left and right of the screen center (players 1 and 3). Jitter was added at the
end of each ball toss and ranged between 1000–2000 ms in steps of 500 ms.
Prosocial behavior during the game was measured by the ratio of tosses from the participant
to the excluded player. This was calculated by dividing the number of tosses from the partici-
pant to the excluded player by the total number of tosses from the participant to any of the
Fig 1. (A): Example of stimulus display (participant numbers are shown for illustration purposes only but
were not presented to the participant), (B): Ratio of tosses from the participant to the other three players in the
inclusion and exclusion block.
doi:10.1371/journal.pone.0159045.g001
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players. We expected to find a toss ratio of .33 from the participant for each player during the
inclusion block, and a toss ratio larger than .33 from the participant to the excluded player dur-
ing the exclusion block (based on [4]). A toss ratio larger than .33 (relative to tosses to the
other players) would indicate compensation for the exclusion by the left and right player.
Questionnaire
A Dutch version [28] of the Interpersonal Reactivity Index (IRI; [29] was used to assess empa-
thy. The IRI is a widely used self-report measure of empathy with 4 subscales that assess per-
spective taking (e.g. “Before criticizing somebody, I try to imagine how I would feel if I were in
their place”, 7 items, α = .73), empathic fantasy (e.g. “I really get involved with the feelings of
the characters in a novel”, 7 items, α = .86), empathic concern (e.g. “I am often quite touched
by things that I see happen”, 7 items, α = .86), and personal distress (e.g. “I sometimes feel help-
less when I am in the middle of a very emotional situation”, 7 items, α = .63). Deleting one of
the items (“I sometimes feel helpless when I am in the middle of a very emotional situation”)
from the subscale personal distress yielded α = .69 after standardizing the remaining 6 items.
All items can be answered on a five-point scale (0 = does not describe me well to 4 = describes
me very well). On all subscales, high scores indicate higher levels of empathy.
Procedure
Participants received explanations regarding the procedure of an fMRI scan and the Prosocial
Cyberball game. After these explanations, participants performed five practice trials of the Pro-
social Cyberball game. Directly after the scanning session participants were administered a
pen-and-paper version of the IRI questionnaire.
MRI data acquisition
Scans were made with a 3 Tesla Philips scanner, using a standard whole-head coil. The func-
tional scans were acquired using a T2-weighted echo-planar imaging (EPI). The first two vol-
umes were discarded to allow for equilibration of T1 saturation effects (TR = 2.2 s, TE = 30 ms,
sequential acquisition, 8 slices of 2.75 mm, field of view 220 mm, 80 × 80 matrix, in-plane reso-
lution 2.75 mm). A high-resolution 3D T1-FFE scan for anatomical reference was obtained
(TR = 9.760 ms; TE = 4.59 ms, flip angle = 8°, 140 slices, 0.875 × 0.875 × 1.2 mm3 voxels,
FOV = 224 × 168 × 177 mm3). After the functional runs, a high resolution 3D T1-weighted
anatomical image was collected (TR = 9.751 ms, TE = 4.59 ms, flip angle = 8°, 140 slices, 0.875
mm × 0.875 mm × 1.2 mm, and FOV = 224.000 × 168.000 × 177.333). Visual stimuli were
shown on a screen that was attached in the magnet bore. Participants could see the stimuli via
a mirror attached to the head coil. Head movement was restricted by using foam inserts inside
the coil.
fMRI data analysis
All data were analyzed with SPM8 [Wellcome Department of Cognitive Neurology, London].
Images were corrected for differences in rigid body motion. Structural and functional volumes
were spatially normalized to T1 templates. Translational movement parameters never exceeded
1 voxel (3 mm) in any direction for any participant or scan. The normalization algorithm used
a 12-parameter affine transform together with a nonlinear transformation involving cosine
basis functions and resampled the volumes to 3 mm cubic voxels. Templates were based on the
MNI305 stereotaxic space [30]. Functional volumes were spatially smoothed with an 6 mm
FWHM isotropic Gaussian kernel.
Neural Response to Prosocial Behavior
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The start of each ball toss was modeled separately using a zero duration event (see [17]).
The modeled events were separated in three overall contexts, which distinguished between the
participant a) observing the other players toss to each other (“Observed Exclusion”), b) tossing
the ball (“Ball Tossing”), or c) receiving the ball (“Ball Receiving”). These conditions were sepa-
rated to control for confounding factors such as motor actions or motor preparation. As can be
seen in Fig 1A, the participant was referred to as player 2, the excluders were referred to as
players 1 and 3, and the excluded player was referred to as player 4.
The “Observed Exclusion” context in which the participant observed others playing were
separated in “Observed Excluding” (player 1 to player 3 or vice versa) and “Connecting”
(excluded player 4 to other players 1 and 3). The “Ball Tossing” context in which the partici-
pant was tossing the ball was separated in “Compensating” (participant to excluded player 4)
and “Tossing” (participant to player 1 and 3 combined). Finally, the “Ball Receiving” context in
which the participant received the ball was separated in “From Excluder” (players 1 and 3 to
participant) and “From Excluded” (excluded player 4 to participant). The condition in which
the other players (1 and 3) tossed the ball to the excluded player (4) was modeled separately
but was not further analyzed, because this event occurred only once in the exclusion game.
Therefore three separate contexts with a total of six conditions were used in the analyses. All
events were time-locked to the moment of the start of the ball toss. The trial functions were
used as covariates in a general linear model; along with a basic set of cosine functions that
high-pass filtered the data. The least-squares parameter estimates of height of the best-fitting
canonical HRF for each condition were used in pair-wise contrasts. The resulting contrast
images, computed on a subject-by-subject basis, were submitted to group analyses.
Region of interest analyses
To test neural correlates of observed exclusion and prosocial behavior in the a priori defined
brain regions, region-of-interest (ROI) analyses were performed with the Marsbar toolbox in
SPM8 [31]. ROIs were selected based on previous studies showing associations with observing
social exclusion (bilateral insula and dACC; [8]), compensating for social exclusion (mPFC
and TPJ; [16–17]), and prosocial behavior (NAcc; [22, 25]). For dACC, a template based on a
large scale reverse-inference analysis on social pain was used [32]. The website “Neurosynth”
[http://www.neurosynth.org] was used to extract independent templates for bilateral insula,
mPFC, and bilateral TPJ. A mask for bilateral insula was created with the search term ‘rejec-
tion’ (retrieved on April 30th, 2015), using forward inference with a standard threshold of
Z> 2.3. Masks for mPFC and bilateral TPJ were created with the search term ‘mentalizing’
(retrieved on April 24th, 2015), using forward inference with a standard threshold of Z> 2.3.
The resulting templates for bilateral insula and mPFC were then masked with anatomical
masks for these areas because they were connected with other regions. An anatomical mask of
the left and right NAcc was extracted from the Harvard-Oxford subcortical atlas, with the
threshold at 40%. The center of mass for each ROI, as well as the volume of each ROI is pre-
sented in Table 1. Results from these ROIs were compared with repeated-measures ANOVAs
for the three separate contexts: Observed Exclusion (Observed Excluding vs Connecting), Ball
Tossing (Compensating vs Tossing), and Ball Receiving (From Excluders vs From Excluded).
The context Ball Receiving is reported for completeness, but we had no a priori hypotheses
about this condition.
Whole brain analyses
To investigate neural responses on prosocial behavior across the brain we calculated the follow-
ing contrasts, focusing on the exclusion game specifically. These analyses may reveal activity in
Neural Response to Prosocial Behavior
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brain regions other than the a priori selected areas. We tested the neural response to observing
exclusion, with the contrast: Observed Excluding> Connecting (and the reversed contrast).
We also tested the neural response to tossing prosocially to the excluded player, with the con-
trast: Compensating> Tossing (and the reversed contrast).
Task-related responses were considered significant if they exceeded a cluster-corrected
threshold of p< .05 FDR-corrected, at an initial threshold of p< .005 [33].
Results
Behavioral results
To examine whether the participants compensated for the exclusion behavior by players 1 and
3 by tossing more balls to the excluded player (player 4), a repeated measures ANOVA with
two within-subject factors was performed. Ratio of ball tosses from the participant to the other
three players was the dependent variable (hereafter referred to as “player”), and play block (fair
or exclusion) was the within-subject variable. In case the spherificity assumption was violated,
we applied Greenhouse-Geisser corrections. The analysis resulted in a main effect of player (F
(2, 44) = 35.02, p< .001, ηp
2 = 0.69), and a significant blockplayer interaction (F(2, 44) =
50.92, p< .001, ηp
2 = 0.77). No significant differences in ball tosses in the fair block were found
(F(1, 22) = 1, p = .33). Post hoc contrasts revealed that in the exclusion block there was no sig-
nificant differences in ratio of ball tosses to player 1 and 3 (M = 27.76, SD = .64, andM = 28.36,
SD = 1.39, respectively). However, a significant difference was found in tosses to player 1 com-
pared to player 4 (F(1, 22) = 52.64, p< .001, ηp
2 = 0.77), and between tosses to player 3 com-
pared to player 4 (F(1, 22) = 78.16, p< .001, ηp
2 = 0.85; see Fig 1B). These findings show that
participants compensated by tossing the ball more often to the excluded player.
In order to check whether behavior during the Prosocial Cyberball game was associated
with self-reported empathy, we correlated the results of the IRI subscales with the ratio of ball
tosses to the excluded player. There were no significant correlations with these subscales (see
Table 2).
ROI analysis
We performed region of interest analyses for insula, dACC, mPFC, TPJ,and NAcc (Fig 2) for
the three separate contexts: Observed Exclusion, Ball Tossing, and Ball Receiving. Repeated
measures ANOVAs were performed for each region and for each of the three contexts
separately.
Table 1. Coordinates and volumes of Regions of Interests that were extracted from Neurosynth and
anatomical atlases (see text for details).
Center of Mass
Name L/R Volume (mm) X Y Z
dACC 8880 1 15 30
NAcc L 712 -10 12 -7
NAcc R 696 10 13 -7
Insula L 1352 -34 18 -1
Insula R 1064 36 24 -1
mPFC 7304 -1 54 24
TPJ L 7024 -50 -58 25
TPJ R 7160 52 -55 23
doi:10.1371/journal.pone.0159045.t001
Neural Response to Prosocial Behavior
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Observed Exclusion. When participants were not tossing or receiving the ball, but were
merely observing the other players, we compared Observed Excluding (players 1 and 3 toss to
each other) with Connecting (player 4 tosses to player 1 or 3). We found significant differences
between Observed Excluding and Connecting for left insula (F(1, 22) = 10.24, p< .005, ηp
2 =
0.32) and right insula (F(1, 22) = 10.74, p< .005, ηp
2 = 0.33), with more activation during
Observed Excluding than during Connecting (see Fig 3A). No condition effects were found for
dACC, bilateral TPJ, mPFC and NAcc.
Ball Tossing. We tested the effects of compensating by tossing to player 4 versus tossing
to player 1/3.
We found a significant difference between Compensating and Tossing for left insula (F(1,
22) = 7.74, p< .05, ηp
2 = 0.26), right insula (F(1, 22) = 7.35, p< .05, ηp
2 = 0.25), left TPJ (F(1,
Table 2. Correlations between behavior during the exclusion game and self-reported empathy.
M (SD) PT FS EC PD To player 1 To player 3 To player 4
IRI subscales PT 16.91 (4.17)
FS 19.73 (5.39) .32
EC 19.96 (5.64) .53* .53**
PD 12.87 (4.13) -.37 .23 .11
Ratio of tosses during PCG To player 1 23.90 (4.86) .02 .14 .36 .29
To player 3 24.14 (6.78) .19 -.06 .35 .16 .57**
To player 4 51.96 (10.35) -.13 .03 -.40 -.24 -.84** -.92**
* p < .05
** p < .01, PT = Perspective Taking, FS = Fantasy Scale, EC = Empathic Concern, PD = Personal Distress, PCG = Prosocial Cyberball Game.
doi:10.1371/journal.pone.0159045.t002
Fig 2. Representation of (A) Independently selected ROIs: dACC (dark red, most left picture), mPFC
(turquoise, most left picture) bilateral insula (blue, second picture to the left), bilateral TPJ (green and orange,
second picture to the right), and bilateral NAcc (dark blue and red, most right picture). See text for explanation
of the selection procedure. See Table 1 for coordinates of center of mass. (B) Whole brain results for the
contrast “Compensating > Tossing”, for a cluster-corrected threshold of p < .05 FDR-corrected, 101
contiguous voxels, at an initial threshold of p < .005.
doi:10.1371/journal.pone.0159045.g002
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22) = 6.72, p< .05, ηp
2 = 0.23), right TPJ (F(1, 22) = 6.90, p< .05, ηp
2 = 0.24), left NAcc (F(1,
22) = 5.22, p< .05, ηp
2 = 0.19), and right NAcc (F(1, 22) = 8.43, p< .01, ηp
2 = 0.28) with more
activation for Compensating than for Tossing (see Fig 3B). No effects were found for dACC
and mPFC.
Ball Receiving. Finally, we tested whether there were differences between receiving the
ball from excluding players 1 and 3 or from excluded player 4. For the left TPJ, we found a sig-
nificant difference between receiving tosses From Excluders and From Excluded (F(1, 22) =
5.45, p< .05, ηp
2 = 0.199; see Fig 3C), with more activation during receiving from excluded
than receiving from excluders. The other regions showed no condition effects.
Fig 3. Difference scores of activity in ROIs for the three condition contrasts. P.E. = parameter
estimates. One asterisk (*) indicates p < .05, two asterisks (**) indicate p < .01, and three asterisks (***)
indicate p < .005. Error bars represent Standard Errors (SE) of the mean. In case no significant differences
were found between hemispheres, findings are presented collapsed across left and right lateralized areas.
(A): Difference score of activity in the ROIs for Observed Excluding–Connecting. (B): Difference score of
activity in the ROIs for Compensating—Tossing. (C): Difference score of activity in the ROIs for receiving the
ball From Excluders–receiving the ball From Excluded.
doi:10.1371/journal.pone.0159045.g003
Neural Response to Prosocial Behavior
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Correlations with performance and self-reported empathy. None of the correlations
between the parameter estimates for the three contexts and behavior during the Prosocial
Cyberball Game were significant. In addition, none of the correlations between the parameter
estimates for the three contexts and self-reported empathy were significant.
Whole brain analysis
Exclusion game: Observed Exclusion. To test for the neural correlates of observed exclu-
sion, we tested neural correlates when participants were observing the others play. The contrast
“Observed Excluding> Connecting” did not result in activation at the FDR cluster-corrected
threshold.
Exclusion game: Compensation. To test for neural correlates of prosocial behavior, we
tested neural correlates when participants were tossing the ball using the contrast “Compensating>
Tossing”. This contrast resulted in increased activity in a network of brain regions that are part of
the social brain network, including left and right TPJ, left and right insula and NAcc (Fig 2). Other
regions that were active in this contrast are presented in Table 3.
Discussion
The goal of this study was to test the neural regions that are associated with prosocial behavior
in a social exclusion game. Consistent with prior studies, observing exclusion was associated
with increased activity in the bilateral insula [1–2, 7–8]. Thus, also in a context when the partic-
ipant actively participates in the game observing exclusion leads to insula activation. When
participants could compensate for exclusion, they tossed the ball more often to the excluded
player than to the other players. This was associated with additional activity in the TPJ,
Table 3. Whole brain table for neural activation for the contrast Compensating in the exclusion block > Tossing in the exclusion block (cluster cor-
rected threshold of p < .05 FDR-corrected, at an initial threshold of p < .005).
MNI coordinates
Name Voxels T-value X Y Z
Left insula 136 7.63 -24 20 -11
4.74 -15 17 -14
4.50 -30 26 -2
Left NAcc 3.62 -6 17 -11
Right superior temporal gyrus 226 6.68 60 -16 -8
5.48 48 -22 -2
3.97 45 -13 -17
Left cuneus 566 5.97 -6 -97 16
Right cuneus 5.94 6 -91 -8
5.38 12 -88 16
Right superior temporal gyrus 209 5.30 54 -52 22
Right supramarginal gyrus (assigned to IPC) 4.04 54 -37 31
Right middle temporal gyrus 3.88 60 -52 7
Left angular gyrus 275 4.94 -42 -70 46
Left supramarginal gyrus (assigned to IPC) 4.82 -54 -49 34
Left angular gyrus (assigned to IPC) 4.72 -45 -55 37
Right insula/Inferior frontal gyrus 101 4.92 42 17 -11
Right temporal lobe 3.31 51 11 -14
Right inferior frontal gyrus 2.85 42 29 -2
doi:10.1371/journal.pone.0159045.t003
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previously associated with perspective taking [17–18] and the NAcc, previously associated with
the rewarding feeling of doing good [25].
The behavioral results of this study fit with a set of prior studies that have shown that
humans tend to compensate for observed distress of others [1–3]. The interpretation of this
effect is that the observation of distress in others causes feelings of personal distress as well,
leading to a tendency to act and decrease the observed distress. This was highlighted further in
a study that used an oxytocin manipulation [4]. When participants received a dose of oxytocin
before the start of the game, they showed more compensation behavior. These results support
the hypothesis that individuals with more empathic feelings show more compensation behav-
ior, as oxytocin is known for enhancing empathy [34].
The neural measures resulted in two important findings. First, compensation of excluded
others was associated with elevated activity in the TPJ. The TPJ has previously been implicated
in mentalizing and perspective taking [18]. Therefore, the findings suggest that compensation
behavior involves thinking about what another person is thinking and feeling. The effects of
TPJ were found in independently selected ROIs, and effects were further found in whole brain
analyses. Notably, mPFC did not show increased activity for observed exclusion or for proso-
cial compensation. This effect is surprising given that prior studies showed an increase in
mPFC activity during observed exclusion compared to observed inclusion [1–2]. Also, in most
social reasoning studies mPFC and TPJ are concurrently activated (for a review, see [19]), and
functional connectivity studies showed that these regions are functionally connected [20]. It
remains unclear why mPFC was not observed in prosocial behavior in the current study. Prior
studies found that this region was active during prosocial conditions [35–36]. Possibly, in the
current study prosocial behavior resulted in less conflict between self- and other oriented
motives, because prosocial behavior was non-costly. Future studies should unravel the role of
mPFC in costly and non-costly prosocial behavior.
A second important finding was the increased activity in the NAcc for compensation of the
excluded player, which was found in both the independently selected ROI analysis, and in the
whole brain comparison. Several prior studies have reported that the NAcc is not only sensitive
to primary rewards, such as juice or monetary rewards, but also to social rewards, such as being
accepted or collaborating (for a review, see [22]). The current study suggests that compensating
others may be associated with a rewarding feeling as well. In a prior study by Harbaugh, Mayr
and Burghart [25] it was found that the NAcc is more active during voluntary money transfers
to charity than during mandatory transfers. The current findings fit well with this study show-
ing that the NAcc is activated when participants can choose whether they compensate for
exclusion behavior or not (see also [23–24].
This study also had some limitations which should be addressed in future studies. First, the
order of tasks did not allow us to test the contrast “observed exclusion> observed inclusion”,
because the order of tasks was fixed (first inclusion, then exclusion). We therefore limited our
analyses to the exclusion block. This may also account for the non-significant effects of dACC,
given that prior studies found effects of exclusion blocks relative to inclusion blocks[11]. In
future studies it will be important to present the task blocks interleaved, which would allow for
a comparison of blocks of exclusion versus blocks of inclusion [37]. Second, the participants
were only women. Previous studies reported that neural responses to social interactions can
differ for men and women [38]. To increase power, we limited the participant selection to
women. Future studies should test if the results are generalizable to men. Third, even though
sufficient for testing main effects, the sample size was small for testing brain-behavior correla-
tions. Interestingly, brain-behavior correlations were previously found in studies using similar
sample sizes but other paradigms [7]. In future studies, the question should be addressed
whether prosocial compensation behavior is related to self-reported empathy, and whether this
Neural Response to Prosocial Behavior
PLOS ONE | DOI:10.1371/journal.pone.0159045 July 8, 2016 10 / 13
relationship can also be found between neural correlates of prosocial compensation behavior
and self-reported empathy. Furthermore, to fully understand the relationship between proso-
cial behavior and self-reported empathy, multiple informants should be used to overcome limi-
tations of self-reports and to better determine the empathic qualities of an individual [39].
To conclude, we confirmed that hypothesis that showing compensation behavior results in
increased activity in a key area of the social brain network, which is the TPJ, and in addition
showed that NAcc is recruited when showing compensation behavior. In contrast, observed
exclusion only resulted in insula activity, suggesting separable contributions of these brain
regions. This study demonstrated eligibility of a new paradigm to test prosocial behavior which
dissociated between different components of understanding why and how individuals act pro-
social. These results have important implications for studies that aim at individual differences
in prosocial behavior, and they may suggest a useful tool for testing effects of prosocial
interventions.
Author Contributions
Conceived and designed the experiments: MMMHIJ EAC. Performed the experiments: MM.
Analyzed the data: MMMHIJ EAC. Contributed reagents/materials/analysis tools: MHIJ EAC.
Wrote the paper: MMMHIJ EAC.
References
1. Masten CL, Eisenberger NI, Pfeifer JH, Dapretto M. Witnessing peer rejection during early adoles-
cence: Neural correlates of empathy for experiences of social exclusion. Soc Neurosci. 2010; 5(5–
6):496–507. doi: 10.1080/17470919.2010.490673 PMID: 20602283
2. Masten CL, Morelli SA, Eisenberger NI. An fMRI investigation of empathy for 'social pain' and subse-
quent prosocial behavior. Neuroimage. 2011; 55(1):381–8. doi: 10.1016/j.neuroimage.2010.11.060
PMID: 21122817
3. Will GJ, van den BosW, Crone EA, Guroglu B. Acting on observed social exclusion: Developmental
perspectives on punishment of excluders and compensation of victims. Dev Psychol. 2013; 49
(12):2236–44. doi: 10.1037/a0032299 PMID: 23544860
4. RiemMME, Bakermans-Kranenburg MJ, Huffmeijer R, van IJzendoorn MH. Does intranasal oxytocin
promote prosocial behavior to an excluded fellow player? A randomized-controlled trial with Cyberball.
Psychoneuroendocrinology. 2013; 38(8):1418–25. doi: 10.1016/j.psyneuen.2012.12.023 PMID:
23352229
5. Wesselmann ED, Bagg D, Williams KD. "I Feel Your Pain": The effects of observing ostracism on the
ostracism detection system. J Exp Soc Psychol. 2009; 45(6):1308–11.
6. Roth-Hanania R, Davidoy M, Zahn-Waxler C. Empathy development from 8 to 16 months: Early signs
of concern for others. Infant Behav Dev. 2011; 34(3):447–58. doi: 10.1016/j.infbeh.2011.04.007 PMID:
21600660
7. Masten CL, Eisenberger NI, Pfeifer JH, Colich NL, Dapretto M. Associations among pubertal develop-
ment, empathic ability, and neural responses while witnessing peer rejection in adolescence. Child
Dev. 2013; 84(4):1338–54. doi: 10.1111/cdev.12056 PMID: 23379360
8. Meyer ML, Masten CL, Ma YN, Wang CB, Shi ZH, Eisenberger NI, et al. Empathy for the social suffer-
ing of friends and strangers recruits distinct patterns of brain activation. Soc Cogn Affect Neurosci.
2013; 8(4):446–54. doi: 10.1093/scan/nss019 PMID: 22355182
9. Novembre G, Zanon M, Silani G. Empathy for social exclusion involves the sensory-discriminative com-
ponent of pain: a within-subject fMRI study. Soc Cogn Affect Neurosci. 2015; 10(2):153–64. doi: 10.
1093/scan/nsu038 PMID: 24563529
10. Williams KD, Cheung CKT, Choi W. Cyberostracism: Effects of being ignored over the Internet. J Pers
Soc Psychol. 2000; 79(5):748–62. PMID: 11079239
11. Eisenberger NI, Lieberman MD, Williams KD. Does rejection hurt? An fMRI study of social exclusion.
Science. 2003; 302(5643):290–2. PMID: 14551436
12. Masten CL, Eisenberger NI, Borofsky LA, Pfeifer JH, McNealy K, Mazziotta JC, et al. Neural correlates
of social exclusion during adolescence: understanding the distress of peer rejection. Soc Cogn Affect
Neurosci. 2009; 4(2):143–57. doi: 10.1093/scan/nsp007 PMID: 19470528
Neural Response to Prosocial Behavior
PLOS ONE | DOI:10.1371/journal.pone.0159045 July 8, 2016 11 / 13
13. Cacioppo S, Frum C, Asp E, Weiss RM, Lewis JW, Cacioppo JT. A Quantitative Meta-Analysis of Func-
tional Imaging Studies of Social Rejection. Sci Rep. 2013; 3:3.
14. Rotge JY, Lemogne C, Hinfray S, Huguet P, Grynszpan O, Tartour E, et al. A meta-analysis of the ante-
rior cingulate contribution to social pain. Soc Cogn Affect Neurosci. 2015; 10(1):19–27. doi: 10.1093/
scan/nsu110 PMID: 25140048
15. Stalnaker TA, Cooch NK, SchoenbaumG. What the orbitofrontal cortex does not do. Nat Neurosci.
2015; 18(5):620–7. doi: 10.1038/nn.3982 PMID: 25919962
16. Moor BG, Guroglu B, Op de Macks ZA, Rombouts S, Van der Molen MW, Crone EA. Social exclusion
and punishment of excluders: Neural correlates and developmental trajectories. Neuroimage. 2012; 59
(1):708–17. doi: 10.1016/j.neuroimage.2011.07.028 PMID: 21791248
17. Will GJ, Crone EA, Guroglu B. Acting on social exclusion: neural correlates of punishment and forgive-
ness of excluders. Soc Cogn Affect Neurosci. 2015; 10(2):209–18. doi: 10.1093/scan/nsu045 PMID:
24652858
18. Carter RM, Huettel SA. A nexus model of the temporal-parietal junction. Trends Cogn Sci. 2013; 17
(7):328–36. doi: 10.1016/j.tics.2013.05.007 PMID: 23790322
19. Blakemore SJ. The social brain in adolescence. Nat Rev Neurosci. 2008; 9(4):267–77. doi: 10.1038/
nrn2353 PMID: 18354399
20. Burnett S, Blakemore SJ. Functional connectivity during a social emotion task in adolescents and in
adults. Eur J Neurosci. 2009; 29(6):1294–301. doi: 10.1111/j.1460-9568.2009.06674.x PMID:
19302165
21. Delgado MR. Reward-related responses in the human striatum. In: Balleine BW, Doya K, Odoherty J,
Sakagami M, editors. Reward and Decision Making in Corticobasal Ganglia Networks. Annals of the
New York Academy of Sciences. 1104. Oxford: Blackwell Publishing; 2007. p. 70–88.
22. Lieberman MD, Eisenberger NI. Pains and Pleasures of Social Life. Science. 2009; 323(5916):890–1.
doi: 10.1126/science.1170008 PMID: 19213907
23. Guroglu B, Will GJ, Crone EA. Neural Correlates of Advantageous and Disadvantageous Inequity in
Sharing Decisions. PLoS One. 2014; 9(9):9.
24. Telzer EH. Dopaminergic reward sensitivity can promote adolescent health: A new perspective on the
mechanism of ventral striatum activation. Dev Cogn Neurosci. 2016; 17:57–67. doi: 10.1016/j.dcn.
2015.10.010 PMID: 26708774
25. HarbaughWT, Mayr U, Burghart DR. Neural responses to taxation and voluntary giving reveal motives
for charitable donations. Science. 2007; 316(5831):1622–5. PMID: 17569866
26. Zadro L, Williams KD, Richardson R. How low can you go? Ostracism by a computer is sufficient to
lower self-reported levels of belonging, control, self-esteem, and meaningful existence. J Exp Soc Psy-
chol. 2004; 40(4):560–7.
27. Konijn EA, Bijvank MN, Bushman BJ. I wish I were a warrior: The role of wishful identification in the
effects of violent video games on aggression in adolescent boys. Dev Psychol. 2007; 43(4):1038–44.
PMID: 17605534
28. De Corte K, Buysse A, Verhofstadt LL, Roeyers H, Ponnet K, Davis MH. Measuring empathic tenden-
cies: Reliability and validity of the Dutch version of the Interpersonal Reactivity Index. Psychol Belg.
2007; 47(4):235–60.
29. Davis MH. Measuring individual differences in empathy: Evidence for a multidimensional approach. J
Pers Soc Psychol. 1983; 44(1):113–26.
30. Cocosco S, Kollokian V, Kwan RKS, Evans AC. Brain web: online interface to a 3D MRI simulated brain
database. Neuroimage. 1997; 5:S452.
31. Brett M, Anton JL, Valabregue R, Poline JB. Region of interest analysis using an SPM toolbox. Neuro-
image. 2002; 16(2):497.
32. Lieberman MD, Eisenberger NI. The dorsal anterior cingulate cortex is selective for pain: Results from
large-scale reverse inference. Proc Natl Acad Sci U S A. 2015; 112(49):15250–5. doi: 10.1073/pnas.
1515083112 PMID: 26582792
33. Woo CW, Krishnan A, Wager TD. Cluster-extent based thresholding in fMRI analyses: Pitfalls and rec-
ommendations. Neuroimage. 2014; 91:412–9. doi: 10.1016/j.neuroimage.2013.12.058 PMID:
24412399
34. Bartz JA, Zaki J, Bolger N, Hollander E, Ludwig NN, Kolevzon A, et al. Oxytocin Selectively Improves
Empathic Accuracy. Psychol Sci. 2010; 21(10):1426–8. doi: 10.1177/0956797610383439 PMID:
20855907
Neural Response to Prosocial Behavior
PLOS ONE | DOI:10.1371/journal.pone.0159045 July 8, 2016 12 / 13
35. FeldmanHall O, Dalgleish T, Thompson R, Evans D, Schweizer S, Mobbs D. Differential neural circuitry
and self-interest in real vs hypothetical moral decisions. Soc Cogn Affect Neurosci. 2012; 7(7):743–51.
doi: 10.1093/scan/nss069 PMID: 22711879
36. Waytz A, Zaki J, Mitchell JP. Response of Dorsomedial Prefrontal Cortex Predicts Altruistic Behavior. J
Neurosci. 2012; 32(22):7646–50. doi: 10.1523/JNEUROSCI.6193-11.2012 PMID: 22649243
37. Sebastian CL, Tan GCY, Roiser JP, Viding E, Dumontheil I, Blakemore SJ. Developmental influences
on the neural bases of responses to social rejection: Implications of social neuroscience for education.
Neuroimage. 2011; 57(3):686–94. doi: 10.1016/j.neuroimage.2010.09.063 PMID: 20923708
38. Singer T, Seymour B, O'Doherty JP, Stephan KE, Dolan RJ, Frith CD. Empathic neural responses are
modulated by the perceived fairness of others. Nature. 2006; 439(7075):466–9. PMID: 16421576
39. HofsteeWKB.Who should own the definition of personality? Eur J Personal. 1994; 8(3):149–62.
Neural Response to Prosocial Behavior
PLOS ONE | DOI:10.1371/journal.pone.0159045 July 8, 2016 13 / 13
